Highly uniform and high density self-assembled quantum dots (QDs) has been required for the applications of opterectronic QD devices. Recently, it has been reported that highly uniform self-assembled InAs QDs can be grown on (001) GaAs substrates by molecular beam epitaxy (MBE) using a slow growth rate of the InAs QD layer.
Introducti on
Highly uniform and high density self-assembled quantum dots (QDs) has been required for the applications of opterectronic QD devices. Recently, it has been reported that highly uniform self-assembled InAs QDs can be grown on (001) GaAs substrates by molecular beam epitaxy (MBE) using a slow growth rate of the InAs QD layer. [1] On the other hand, high density (~ 5  10 12 cm -2 ) InAs QDs by stacked more than 150 layers were successfully achieved by MBE growth on high-index (113)B InP substrates. [2] In this study, we grew self-assembled InAs QDs on (001) and high-index (113)B GaAs substrates by MBE under a slow growth rate condition, and surface morphologies and optical properties of the (001) and (113)B QD samples were characterized by using atomic force microscopy (AFM) and photoluminescence (PL) measurements.
Experimental details
Self-assembled InAs QDs with three diffe rent InAs coverages of 2.6, 3.0 and 3.4 monolayers (ML) were simultaneously grown on (001) and (113)B semi-insulating GaAs substrates by a solid-s ource MBE (Varian GEN-II MBE system). A slow growth rate of 0.0364 µm/h was used for MBE growth of the InAs QD layer. After a 600-n m-thick GaAs buffer layer was grown at a substrate temperature (T s ) of 610 ºC, 50-nm-thick GaAs and InAs QD layers we re grown at T s = 500º C under an As 4 pressure of 1.0  10 -5
Torr. The QD layer was capped by a 100-n m-thic k GaAs layer in order to s tudy the PL properties.
Surface morphologies of the (001) and (113)B QD samples without the capping layers were characterized by using a tapping-mode AFM system. PL measurements were performed at 4-300 K using a cooled linear InGaAs photodiode array spectrometer. The excitation source was a diode-pumped solid-s tate (DPSS) continuous-wave (CW) laser with a wavelength of 532 nm and an excitation power was 0.1-20 mW. The excitation beam was focused on an area of about 200 µm diameter of the sample surface. The PL spectra (4 K) of the InAs QDs capped by a 100-nm-thick GaAs layer are shown in Fig. 2 . The observed PL peaks are well reproduced by two Gaussian peaks as shown in Fig. 2 . In case of the (001) samples, intensity of the low-energy-side peak ( = 1117, 1144 and 1165 nm for 2.6, 3.0 and 3.4 ML, respectively) is larger than that of the high-energy-side peak (= 1153, 1169 and 1179 nm for 2.6, 3.0 and 3.4 ML, respectively) except for -754-
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pp. 754-755 the 2.6 M L sample. On the other hand, the high-energy-side peak ( = 975, 978 and 975 nm for 2.6, 3.0 and 3.4 ML, respectively) is dominant for all the (113)B samples. In order to investigate origin of the two luminescence peaks, we perfo rmed te mperature dependence of the PL measurements as shown in Fig. 3 . Temperature dependence of the PL spectra reveals that intensity of the low-energy-side peak relative to the high-energy-side peak becomes large with increasing temperature for all the (001) and (113)B samples. At high temperature, relaxation of photo-generated carriers into the nonradiative centers from the InAs QDs is we ll s uppressed comparing to that from the wetting layer (WL), because the carrie rs are strongly confined in the InAs QDs . Therefore, it is considered that the low-and high-energy-side peaks correspond to emission fro m the QDs and WL, respectively. In general, carriers generated in the WL relax into the local energy minimum (i.e. the InAs QDs ), and then radiative recombination occurs mainly in the InAs QDs . However, as can be seen in Fig. 2 , the PL emission fro m the W L was observed to be more significant for the (001) sample with 2.6 ML coverage comparing to the 3.0 and 3.4 ML in spite of the almost simila r QD dens ity. This res ult suggests that relaxation of carriers into the QDs fro m the WL is suppressed by potential barrie r between the InAs QDs and WL in case of the small InAs coverage. This potential barrier is considered to arise from thickness modulation of the WL near the edge of the QD. In fact, a monolayer dip at the edge of InAs QD was obs erved in a recent study of in-situ scanning tunneling microscopy (STM) of the InAs QDs on (001) GaAs s ubs trate.
[3] The PL e mission fro m the WL is more dominant for all the (113)B sample, therefore larger potential barrier exists between the QD and WL in the (113)B sample comparing to that in the (001) sample. 
Conclusions
Self-assembled InAs QDs with three diffe rent InAs coverags of 2.6, 3.0 and 3.4 ML were grown on (001) and (113)B GaAs substrates by MBE using a slow growth rate of 0.0364 µm/h. Two PL peaks corresponding to emissions fro m the InAs QDs and WL were observed for all the (001) and (113)B samples. PL emission at 4 K from the WL was more significant for the (001) sample with 2.6 ML coverage comparing to the 3.0 and 3.4 ML in spite of the almost similar QD dens ity. This res ult s ugges ts that rela xation of carrie rs into the QDs from the WL is suppressed by the potential barrier arising from thickness modulation of the WL near the edge of the QD in case of the s mall InAs coverage. All the (113)B samples showed dominant PL (4 K) emission fro m the WL, indicating that larger potential barrier exits between the QD and WL comparing to the (001) sample. 
